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Abstract
Twenty eclogitic diamonds from Orapa Mine (Botswana) with an unusual yellow colour are characterised for their growth
structure, N systematics, and C isotope composition, and the major element composition of their silicate inclusions. The
diamonds show complex luminescence with green, blue and non-luminescent zones and occasional sector zonation. All parts
of the diamonds have low total N concentrations (<50 at.ppm, with one exception of <125 at.ppm) and a limited range in C
isotope composition (−5.7 to −10.6‰). Fourier Transform Infrared spectra show bands at 1334, 1332, 1282, and 1240 cm−1
typical for Ib-IaA diamonds. Relict unaggregated N defects (Ns
o and Ns
+) are present and the preservation is likely caused by the
low N concentrations and possible low mantle residence temperatures rather than young diamond formation (inclusion ages of
140, 1096, 1699Ma; Timmerman et al. Earth Planet Sc Lett 463:178–188, 2017). Garnet and clinopyroxene inclusions extracted
from 14 diamonds have an eclogitic composition with relatively low Ca contents and based on all characteristics, these diamonds
form a distinct population from Orapa.
Keywords Carbon isotopes . Nitrogen . Silicate inclusions . ZimbabweCraton
Introduction
Compositional data of fluid inclusions (e.g. Navon et al. 1988;
Schrauder and Navon 1994; Klein-BenDavid et al. 2004) in
fibrous diamonds indicate that these diamonds formed from
volatile-rich fluids moving through the sub-continental litho-
spheric mantle. Carbon isotope ratios (δ13CVPDB) and N con-
tent of the diamond host and major and trace elements of
mineral inclusions also provide information on the origin of
the fluid responsible for diamond formation and the growth
environment. The complex growth structures in monocrystal-
line diamonds associated with coupled changes in N content,
aggregation state, and/or δ13CVPDB reflect episodic diamond
growth and changes in the C-H-O-S rich diamond-forming
media (Shirey et al. 2013 and references therein, Wiggers-de
Vries et al. 2013a, Petts et al. 2016). Previous research on
diamonds from the Orapa Mine (Botswana) established that
the δ13CVPDB for eclogitic diamonds of DTC sieve class −7 +
5 ranges from −2.6 to −18.0‰ with generally high bulk N
contents (range of 24–1352 at.ppm total N; Deines et al.
1993; Cartigny et al. 1999). Despite a wide range in chemical
compositions of the mineral inclusions (Gurney et al. 1984), a
limited range of formation temperatures is associated with
mineral inclusions of Orapa diamonds with δ13CVPDB <
−8‰ (Deines and Harris 2004).
In the past decades a variety of diamonds with different
colours and morphologies were investigated to better under-
stand mantle processes and diamond formation. Previous re-
search on the Orapa diamond mine was performed on eclogite
xenoliths and on peridotitic and eclogitic diamonds by Deines
et al. (1991), Cartigny et al. (1999), Stachel et al. (2004),
Deines and Harris (2004), and Deines et al. (2009). For
Orapa, Shee (1978) reported dominantly eclogitic xenoliths,
but more recent studies of xenoliths recovered from the open
pit and drill cores suggest that eclogite makes up only 10% of
the xenolith population (Meulemans et al. 2012). The mineral
inclusions in Orapa diamonds are dominated by sulphides
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(73%), followed by eclogitic silicates (19%) and peridotitic
silicates (8%) (Gress et al. 2017).
It is important to build an understanding of the number and
nature of diamond formation events in the mantle beneath
specific localities to understand how diamond genesis varies
in space and time. This study focuses on determining the spe-
cific characteristics of a previously undocumented eclogitic
diamond sub-population at the Orapa mine to establish if it
represents a diamond-forming event under distinct conditions.
The yellow colour of the studied diamonds has a different
appearance to the more common BCape yellow^ colour. The
Cape yellow colour is caused by high N3/N2 abundances and
absorption of light by the N3V defect, which consists of three
N atoms and a vacancy (Fritsch 1998). The studied diamonds
have an uneven yellow colour owing in part to the presence of
relict unaggregated N defects (single nitrogen (Ns
0 and Ns
+)
defects). For more information the reader is referred to King et
al. (2005) for specific detail regarding defects in yellow dia-
monds. Recent changes to processing at Orapa have signifi-
cantly increased the yield of these unusual yellow diamonds.
The diamonds studied were sizeable; ¾ to 1 carat (1 carat =
200 mg), underlining the economic importance of understand-
ing the formation of these particular diamonds. To this end, we
present a detailed Fourier-transform infrared spectroscopy
(FTIR), carbon isotope and inclusion major element study of
20 of these previously undocumented eclogitic diamonds
from Orapa. A previous study by Timmerman et al. (2017)
on the same diamonds focused on trace element compositions
and Rb-Sr and Sm-Nd isotope systematics of nine silicate
inclusions.
Methods
Preparation and luminescence imaging
The diamonds were windowed or laser cut, where visible
along the 110 crystallographic orientation, into ~0.5–2 mm
thick plates and polished along the cut faces at De Beers
Technology Centre, Maidenhead. The luminescence zona-
tion of the diamond plates was examined on both sides
with a DiamondView™ instrument that uses short wave-
length UV light (<230 nm) to excite luminescent defects of
the diamonds. The luminescence emitted by the diamonds
was imaged with a solid-state charge-coupled device
(CCD) video camera (Welbourn et al. 1996). FTIR analy-
ses were performed on the polished plates, before the dia-
monds were broken to extract the inclusions for electron
probe micro-analyses (EPMA). Growth zones of the dia-
monds were coloured with permanent markers prior to
breakage allowing recovery of fragments from different
zones for C isotope analyses.
FTIR analyses
High resolution infrared spectra were taken for each sample over
the range 7000 to 400 cm−1 at a resolution of 0.5 cm−1 with a
Thermo Scientific Nicolet iS50 FTIR spectrometer at De Beers
Technology Centre, Maidenhead. The presence of Ns
0 was iden-
tified in these high resolution spectra and concentrations were
calculated, after normalisation to 1 cm diamond thickness and
baseline correction, using a conversion factor of 1.4 × 25
(Kiflawi et al. 1994 and unpublished experimental data from
D. Fisher; this conversion factor is close to results from Liggins
2010). Subsequently, infrared spectra were measured in different
growth zones of the polished diamond plates using a FT/IR
Jasco-470 plus spectrometer equipped with a Jasco Irtron IRT-
30 infrared microscope at the Utrecht University. Transmission
spectra were collected over the range 4000–650 cm−1 at a reso-
lution of 4 cm−1 with 200 scans per spectrum. After baseline
correction, the data were normalized to 1 cm diamond thickness
with an absorption coefficient of 11.94 at 1995 cm−1, and a Type
IIa spectrum was subtracted (Mendelssohn and Milledge 1995).
Carbon isotope analyses
Different growth zones were recognized based on changes in
luminescence intensities and colours. Carbon isotope analyses
were performed on 30–100 μg fragments of different growth
zones from 17 diamonds using a Carlo Erba NC 2500 element
analyser coupled to a Thermo Finnigan Delta Plus stable isotope
ratio mass spectrometer (SIRMS). The samples were compared
to two reference gas peaks that were calibrated against V-PDB
and are expressed in the conventional per mil notation. This delta
expression was corrected for any potential instrumental bias by
measuring the external standards USGS24 (−16.05‰) andVICS
(+1.35‰) and any drift of the instrument was monitored with
two internal standards WK (−7.16‰, Wiggers-de Vries et
al. 2013, synthetic diamond powder) and PC (−8.22‰, natural
diamond powder provided by P. Cartigny of the Institut de
Physique du Globe de Paris). The analyses had an external re-
producibility of 0.2‰ 2SE based on repeat analyses of standards,
while the internal precision was better than 0.1‰.
EPMA analyses
The mineral inclusions were measured unpolished on a Jeol
JXA-8800 M electron probe microanalyzer using a beam size
of 1 μm with a beam current of 25 nA and an acceleration
voltage of 15 kV. Multiple analyses were taken on each min-
eral and analyses with <90 wt% totals and outside two stan-
dard deviations of the average for major elements and stoichi-
ometry were rejected, as tilted surfaces can affect the analysis.
Analyses with a nonideal stoichiometry (<3.9 or > 4.1 cations
per 6 oxygen) are also rejected. After rejection of outliers and
normalisation to 100%, data generally lie within 1% (relative)
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for major element (oxide concentration > 1.5 wt%) analyses of
the sameminerals after polishing and thus can be reliably used
to distinguish different types of garnet or clinopyroxenes
(Timmerman et al. 2015). On average the precision is 1.3×
worse compared to results of polished minerals. More details
on standards, spectrometer set-up, accuracy and reproducibil-
ity can be found in Timmerman et al. (2015). The minerals
were measured unpolished to preserve as much material as
possible for subsequent isotope analyses.
Results
Description
The twenty diamonds studied from Orapa were mined in 2012.
Photographs andDiamondView™ luminescence images of one
side of the diamond plates OR13, OR15, and OR19 are shown
as examples in Fig. 1. Images of the rough samples are provided
in electronic supplementary material 1 and DiamondView™
images of both sides of the polished plates are provided in
electronic supplementary material 2 for the samples not report-
ed in Timmerman et al. (2017).
In general, all the diamonds have uneven yellow to orange
colours and have an irregular octa-dodecahedral morphology
(Electronic supplementary material 1), with trigons present on
some faces (Table 1). The diamonds range from 0.33–1.23
carats (average 0.71 carats). The internal growth structure of
central plates, as revealed by DiamondView™ luminescence
imaging, shows complex intergrowth of zones with green,
blue and non-luminescent zones. Growth sector zonation
was identified in the green luminescent zones that are directly
related to the yellow/orange colour in normal transmitted light
(Fig. 1). The growth sector zonation is clearly identified in the
DiamondViewTM images of diamonds OR04, OR08, OR09,
















Fig. 1 Normal reflected light images (a, c, e) and DiamondView™ luminescent images (b, d, f) of diamonds OR13, OR15, and OR19, showing the
relation of the yellow colour in reflected light to the green luminescent area in DiamondView™
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material 2; Supplementary information of Timmerman et al.
2017). The green luminescent zones form the bulk of the
innermost major growth zones and these zones are sometimes
associated with multiple (up to 6) thin (50–300 μm) blue lumi-
nescent layers (e.g. OR12; Electronic supplementary material 2).
Thesemajor growth zones are always resorbed and have a low to
non-luminescent layer directly in contact with the resorption sur-
face before any subsequent outer blue growth zones (Fig. 1,
Electronic supplementary material 2). The lack of luminescence
is caused by low nitrogen concentrations and presence of A-
centre defects that can quench luminescence (A-centres are
<30–50 at.ppm, except for diamond OR02). Eight of the twenty
diamonds studied show a blue luminescent growth zone in the
outer region comprising between 1 and 8 fine layers. The non-
luminescent to blue zones correspond to colourless zones in
transmitted light.
FTIR spectra
FTIR spectra of both resolutions (0.5 and 4 cm−1) show that all
growth zones are characterised by low total N concentrations
(<50 at.ppm, except for OR02 with <120 at.ppm; Fig. 2a).
Bands are present at 1334 (Ns
0; Fig. 2b), 1332 (Ns
+, D, and other
defects), 1282 (A +B), and 1240 cm−1 (characteristic for Ib-IaA
diamonds; Collins and Mohammed 1982; Woods and Collins
1983). In some cases, there is a platelet band at ~1370 cm−1
and a weak band at 1175 cm−1 (B; Electronic supplementary
material 3). The band observed at 1332 cm−1 in FTIR spectra
is not as well-defined as in previous studies where it was
interpreted as X-centres/Ns
+ (Lawson et al. 1998; Zedgenizov
et al. 2016). Thus the Ns
+ concentrations are lower than in pre-
vious studies and/or other defects play a role in causing this band.
Y-centres at 1140–1150 cm−1, previously found in some Ib dia-
monds (Hainschwang et al. 2012; Zedgenizov et al. 2016), were




The nature of the defects causing the additional absorption is
presently unknown and induces large uncertainties in estimates
of the concentrations of the A and B components. Furthermore,
due to the thickness of the plates, the transmission spectra repre-
sent a mix of both yellow and colourless zones of the diamonds.
Therefore, N aggregation states could not be calculated precisely.
Maximum A-centre N concentrations were estimated based on
the band height at 1282 cm−1 using a conversion factor of 16.5
(Boyd et al. 1994) (Fig. 2; Electronic supplementary material 4);
after normalisation to 1 cm diamond thickness. In general, the
Orapa diamonds under study have consistently low N abun-
dances (maximum A-centres <30–50 at.ppm, except for
OR02), with slightly higher band heights at 1282 cm−1 in the
colourless outer zones for diamondsOR02 andOR10 (Fig. 2c, d;
Electronic supplementary material 4). Relict unaggregated N de-






































































































Fig. 2 a High resolution (0.5 cm−1) FTIR spectrum of diamond OR07,
showing the VN3H at 3107 cm
−1, and low N contents (A-centre at
1282 cm−1) relative to the diamond absorption. No Type II spectrum is
subtracted from this spectrum to show the low N bands compared to the
diamond absorbance bands. b 1363 (platelet/B′), 1344 (Ns
0) and
1332 cm−1 (partially caused by Ns
+) bands of the high-resolution
spectrum (0.5 cm−1) of diamond OR07. c 1282 cm−1 band height in
absorbance per cm from the inner to outer zone of diamond OR02. The
A-centre at 1282 cm−1 does not produce a visible colour in normal light. d
measurement locations on diamond OR02 of the results shown in c
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material 3). The 1344 cm−1 band from single substitutional N is
very small. The 0.5 cm−1 resolution spectra were used to calcu-
late Ns
0 concentrations with the band height at 1344 cm−1 and a
conversion factor of 1.4 × 25 (Kiflawi et al. 1994 and
unpublished experimental data from D. Fisher) and yield 0.2 to
1.1 at.ppm Ns
0 (Table 1, Fig. 2b). Some mixed spectra contain
platelet bands, recording aggregation from A to B centres, most
likely from the colourless growth zones.
All FTIR spectra record the presence of H defects with bands
at 1405 cm−1 (C-H bending), 3000–3900 cm−1 (bandmaxima at
around 3190 and 3650 cm−1), and 3107 cm−1 (C-H stretch at
VN3H; Goss et al. 2014). A small carbonate band at ~1430 cm
−1
is present in diamonds OR01, 02, 03, 05, 07, 08, 09, 12, 13, 14,
15, likely caused by submicron carbonate inclusions.
Carbon isotope composition
The δ13CVPDB values of the yellow Orapa diamonds show a
restricted range of −2.9 to −10.6‰ with an average of −7.9 ±
1.3 (1SD), which falls within the mantle range of −1 to −10‰
(Kirkley et al. 1991). The yellow inner and colourless outer
zones have a similar variation in carbon isotope composition
of −5.7 to −10.6‰ and − 6.8 to −10.4‰ respectively (Table
1). One more 13C enriched composition of −2.9‰ was found
in the innermost zone (blue luminescence) of diamond OR12.
Most diamonds record insignificant variation in their carbon
isotope values from inner to outer zones. Three diamonds
(OR03, OR10, OR18), however, have higher δ13CVPDB
values in the outer zones, while three other diamonds
(OR01, OR08, OR13) have lower δ13CVPDB values in the
outer zones. Changes in δ13CVPDB values in these diamonds
varied from 0.5 to 2.4‰ (Fig. 3).
Major elements of garnet and clinopyroxene
inclusions
All the mineral inclusions that were measured belong to the
eclogitic suite (low Cr#), but none was recovered from the
anomalous yellow body coloured zones associated with the
relict unaggregated nitrogen. Silicate inclusions consisted of
garnets, clinopyroxenes, and one mineral with the composi-
tion and stoichiometry of titanite (Table 2). Garnet inclusions
show a limited range in CaO content of 3.5–6.1 wt%, with one
CaO-poor outlier of 1.7 wt% (Fig. 4a). Both CaO and FeO
decrease with increasing MgO content and the data form a
single trend in bi-variant diagrams suggesting that there are
no significantly different garnet populations in the studied
diamonds. The MgO content (13.4–18.7 wt%) is higher than
previously reported from garnets from diamonds from the
Orapa kimberlite cluster (average of 11.8 ± 2.1 wt%; Gurney
et al. 1984; Deines et al. 1993 and 11.4 ± 2.7 wt% for
Letlhakane; Deines and Harris 2004). The clinopyroxene in-
clusions have oxide contents generally within the range found
previously for Orapa and Letlhakane (Deines and Harris
2004), but have relatively higher MgO contents for the
amount of Na2O (Fig. 4b). Some significant compositional
differences do exist within the silicate inclusions of this new
diamond suite. Diamonds OR18 and OR08 contained a
clinopyroxene outside the range of the other clinopyroxenes,
suggesting that there are different eclogitic clinopyroxene
populations present in this yellow diamond suite. Based on
the DiamondView™ images three non-touching garnet-
clinopyroxene pairs (OR06–2 and 06–7, 07–1 and 07–7,
10–2 and 10–4) are considered to have formed in equivalent
growth zones and hence to be in chemical equilibrium. Using
the Fe-Mg exchange thermometer of Krogh (1988) and as-
suming a pressure of 5 GPa, these mineral pairs yield temper-
atures between 1080 and 1160 °C. These are approximate
temperatures as the major element data are not as precise
and accurate as from polished minerals. Inclusions OR06–7
and OR07–1 were previously dated at 1699 ± 340 Ma
(Timmerman et al. 2017).
Discussion
Cause of unaggregated nitrogen
Nitrogen aggregates from single N atoms (Ns
0 and Ns
+) to N
pairs (A-centres) to four N atoms around a vacancy (B-
centres) (Evans and Qi 1982), and the aggregation rate is
dependent on time, temperature and nitrogen concentration
(Taylor et al. 1990). The aggregation from A to B-centres
produces N3 as a side reaction, and the platelet related defects
B′ and D are found in diamonds with B-centres (Clark and
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Fig. 3 Average C isotope compositions (δ13CVPDB) determined on co-
existing yellow and colourless zones of 17 diamonds
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Table 2 Major element composition of garnet and clinopyroxene inclusions and a titanite inclusion
Sample Na2O
a MgO SiO2 Al2O3 K2O CaO TiO2 FeO MnO Cr2O3 NiO Total
b Cat (apfu)c
Garnet
OR02-8 0.2 14.8 42.3 21.4 0 6.1 0.4 14.4 0.3 0.1 0 100.2 7.96
OR04–3 0.1 18.7 44.4 19.6 0 3.5 0.4 12.8 0.3 0.1 0 95.9 7.96
OR05–1 0.4 16.7 42.8 21.2 0.2 4.2 0.4 13.6 0.4 0.1 0 95.1 7.96
OR06–2 0.1 15.1 39.5 23.5 0 4.6 0.4 16.3 0.4 0 0 96.7 8.04
OR06–4 0.2 15.5 36.7 25.4 0 4.8 0.5 16.5 0.4 0.1 0 91.2 8.14
OR07–7 0.2 15.2 41.4 22.6 0 4.4 0.4 15.3 0.4 0.1 0 103.8 7.98
OR08–3 0.1 15.5 41.6 22.7 0 4.1 0.5 15 0.4 0.1 0 103.4 7.94
OR10–1 0.2 17.3 42.6 23.2 0 3.5 0.4 12.4 0.3 0.1 0 108.6 8.04
OR10–2 0.2 16.8 39.9 23.7 0 4 0.5 14.4 0.4 0.1 0 99.2 8.04
OR12–1 0.1 16.4 39.5 24.5 0 4 0.4 14.5 0.4 0.1 0 100.6 8.00
OR12–2 0.1 16 41.2 22.8 0 4 0.5 14.9 0.4 0.1 0 102.0 7.96
OR13–1 0.2 13.4 41.5 21.9 0 5.5 0.5 16.5 0.4 0.1 0 100.2 8.14
OR20–2 0.2 16.7 42.9 21.9 0 3.8 0.4 13.8 0.4 0.1 0 105.8 7.94
OR20–3 0.3 16 42.7 21.1 0.1 4 0.5 14.9 0.3 0 0 99.9 7.96
OR20–4 0.2 17.6 41.5 23.2 0 1.7 0.2 15.1 0.3 0 0 91.9 7.98
Clinopyroxene
OR08–1 3.6 16.4 52.2 7.7 0.5 8.9 0.5 9.9 0.1 0.1 0 96.0 4.06
OR10–4 5.5 12.6 55.9 7.9 0.1 11.7 0.7 5.4 0.1 0.1 0 100.0 4.01
OR17–1 5.7 11.7 55.8 9.4 0.1 11.1 0.6 5.4 0.1 0.1 0 100.2 4.00
OR18–1 1.9 22 54.4 4 0.1 11.8 0.6 4.8 0.1 0.1 0.1 98.6 4.03
Titanite
OR10–3 0 0 31.1 1.5 0 29 37.1 1 0.1 0 0 95.9 3.04
All totals are normalized to 100%, following the approach of Timmerman et al. (2015)
a The oxides are in wt%. The total sum of the different oxides is normalised to 100 wt%
b The original total in wt% before normalisation



































Fig. 4 a Orapa garnet end-member compositions were calculated
with Fe2+/Fe3+ separations based on Droop (1987) and plotted
(green symbols; this study and Timmerman et al. 2017) on the
eclogitic garnet classification diagram of Coleman et al. (1965).
The studied garnet inclusions have relatively low Ca contents
compared to inclusions from Orapa (1: dark grey symbols; Gurney
et al. 1984) and Letlhakane (2: light grey symbols; Deines and Harris
2004). Al + Sp, Gr + An, Py stand for almandine+spessartine,
grossular+andradite, pyrope. A, B, and C stand for garnet groups
found in ‘eclogites in kimberlites and ultramafic rocks’, in ‘high
grade metamorphic rocks’, and in ‘amphibolites and granulites’
respectively (Coleman et al. 1965). b Clinopyroxenes plotted on the
Taylor and Neal (1989) classification diagram demonstrating that this
suite is richer in Na and Mg compared to other eclogitic
clinopyroxenes from Letlhakane (Deines and Harris 2004) and
Orapa (Gurney et al. 1984)
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in the studied diamonds therefore suggest either young dia-
mond formation, mantle residence in a cool environment, and/
or low aggregation rates due to low N concentrations. Given
that most monocrystalline diamonds are Type IaAB, with A-
and B-centres, the presence of relict unaggregated N in the
studied diamonds is unusual. A dating study was previously
performed on silicate inclusions derived from the colourless
outer zones of these same unusual yellow Orapa diamonds
and allows us to assess if the diamonds represent a young
growth event. The inclusions yielded isochron ages of 140 ±
93, 1096 ± 230, and 1699 ± 340 Ma (Timmerman et al. 2017);
given that the kimberlite eruption age is 93.1 Ma (Allsopp et
al. 1989) these diamond ages indicate that most growth zones
of the diamonds did not have a short mantle residence.
Therefore, the relict unaggregated N does not appear related
to extremely young diamond formation (i.e., <10 Ma before
kimberlite eruption).
Diamond formation temperatures can be estimated from
thermobarometric calculations using the compositions of in-
cluded minerals assumed or proven to be in equilibrium.
Nitrogen aggregation is, among other things, strongly depen-
dent on temperature. Nitrogen concentrations and aggregation
state can give time averaged mantle residence temperatures.
The equilibration temperatures of 1080-1160 °C for three
non-touching garnet-clinopyroxene pairs suggest that dia-
mond formation did not occur at unusually low temperatures.
It is possible, however, that diamond formation took place
during a thermal perturbation associated with local intrusion
of hot (asthenosphere derived) melts/fluids. Subsequent
cooling to ambient mantle conditions would have resulted
in a lower time averaged residence temperature for the dia-
monds. A similar idea was proposed for Namibian diamonds
(Cartigny et al. 2004) to explain differences between mineral
equilibration temperatures and residence temperatures calcu-
lated based on N systematics. Based on the Ns
0 (Table 1) and
maximum A-centre contents (Electronic supplementary
material 4), activation energies from Taylor et al. (1996),
and the main mantle residence time of 1 Ga, an averaged
mantle residence temperature would give 950–980 °C for
cuboid sectors and 745–770 °C for octahedral sectors in this
study. The diamond stability field is inferred to be at temper-
atures above 780–825 °C based on the geotherm beneath the
Orapa field (Preston et al. 2012). Thus, it cannot be excluded
that these diamonds resided for extended periods of time at
relatively low temperatures in the diamond stability field,
hence preserving small amounts of single N. It must be point-
ed out, however, that these diamond mantle residence tem-
peratures are highly speculative, as aggregation states cannot
be quantitatively calculated with such low N concentrations
and with the presence of unknown defects in the one-phonon
region. These residence temperatures and residence ages are,
however, higher than proposed for Ib-IaA diamonds from
Zimmi, West Africa (Smit et al. 2016).
The unaggregated N defects are considered mostly a con-
sequence of the difficulty of aggregation at low N concentra-
tions. The aggregation process for N concentrations of less
than 200 at.ppm is very slow (Taylor et al. 1990). The aggre-
gation of positively charged single N is even slower than neu-
tral single N (Babich and Feigelson 2009), possibly
explaining the relict Ns
+ (1332 cm−1 band) in the current
study. In addition, Goss et al. (2014) suggested that H has
the potential to modify the kinetics of N aggregation and
may explain why N did not aggregate well beyond A-
centres in the studied diamonds.
Origin of the diamond-forming fluid
Large differences in N content, C isotope composition and ma-
jor element compositions of different inclusion parageneses in
diamonds suggest that diamonds of various origins are sampled
by individual kimberlites (see review in Stachel and Harris
2008). The major element compositions of the studied inclu-
sions have mineral compositions that are within eclogitic fields
in discrimination diagrams for garnets and clinopyroxenes (Fig.
4). Compared to previous studies of eclogitic diamonds from
Orapa (Gurney et al. 1984; Deines et al. 1993; Deines and
Harris 2004), the inclusions in the yellow diamonds are in gen-
eral depleted in Ca, Fe, and Al, and enriched in Mg. Despite
distinct differences in major element characteristics of different
inclusion populations from Orapa, the mineral equilibration
temperatures are essentially indistinguishable when using the
same Fe-Mg exchange thermometer of Krogh (1988) at a pres-
sure of 5 GPa: 1080–1160 °C for the unusual yellow Orapa
diamonds and ~1080–1150 °C for other Orapa diamonds
(Fig. 5; Deines and Harris 2004 and references therein). Thus,
while all studied Orapa inclusions appear to have formed at



















Fig. 5 Relationship between Mg/Fe partitioning of co-existing eclogitic
garnet-clinopyroxene pairs (KD = (Fe/Mg)grt/(Fe/Mgcpx) and mole frac-
tion of Ca in garnet. Isotherms were calculated according to Krogh
(1988) at a constant pressure of 5 GPa and the graphite-diamond transi-
tion was derived from Kennedy and Kennedy (1976). The studied Orapa
diamonds (black squares) have similar mineral equilibration temperatures
to previous studied Orapa diamonds (grey diamonds; Deines and Harris
2004 and references therein)
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distinct N characteristics of the unusual yellow diamonds sug-
gest these diamonds resided in a different environment, possi-
bly at lower temperature (shallower) conditions than the major-
ity of Orapa diamonds.
The limited range in C isotope ratios and N contents in the
studied unusual yellow Orapa diamonds provides important
constraints on their formation, as it suggests insignificant
Rayleigh fractionation. Rayleigh fractionation modelling
based on an N distribution coefficient of 2 (minimum Kd;
Wiggers-de Vries et al. 2013b) and less than 20% relative
depletion in N implies less than 20% of the fluid could have
precipitated as diamond (N/N0 = f
(Kn-1)). This implies dia-
mond formation in a system that was not fluid-limited.
In summary, the morphology, growth structure of inner
green luminescent and outer blue or non-luminescent zones,
N concentration, inclusionmajor element composition, forma-
tion temperature, and C isotope composition of the yellow
diamonds are all similar and indicate that the 20 studied com-
plexly zoned diamonds formed by similar precipitation pro-
cesses from comparable fluids. In combination with differ-
ences in trace element concentrations and Sr isotope compo-
sitions of the inclusions (Timmerman et al. 2017), the fluids
that formed the outer colourless zones of the diamonds are
likely to have resulted from mixing between depleted mantle
and post-Archaean subducted sediment sources with a restrict-
ed range in C isotope compositions. It is, however, unclear in
what time span the inner yellow and outer colourless zones
have grown. Despite the uniform N concentration and C iso-
tope composition of the inner and outer growth zones, a com-
mon resorption boundary (Electronic supplementary material
2) after the inner zone strongly supports multi-stage growth.
The different isochron ages (~140, 1100, 1700 Ma;
Timmerman et al. 2017) of the inclusions in the outer growth
zone further support multiple episodes of growth. These data
suggest that the diamonds formed over a long period of time,
but currently it is unknown how long each diamond growth
episode lasted. Was the same fluid activated several times for
diamond growth or was there a new fluid with similar N-δ13C
characteristics injected to the growth environment? Further
research is needed to determine diamond growth rates and
the stability or reactivation of fluid compositions over long
time periods.
Conclusion
The twenty studied diamonds fromOrapa represent a previously
undocumented eclogitic population. Their unusual yellow col-
our and related green luminescence in DiamondView™ images
with sector growth zonation is distinct from other previously
studied Orapa diamonds. The yellow colour appears to be, at
least partially, associatedwith relict unaggregatedN defects. The
preservation of small amounts of Ns
+ and Ns
0 is mostly likely
related to low N concentrations and possibly also to lower than
normal mantle residence temperatures, that inhibited significant
N aggregation beyond A-centres. The unaggregated N defects
are not related to young diamond formation, as Sm-Nd isochron
ages determined on silicate inclusions in the outer colourless
zones are up to 1.7 Ga (Timmerman et al. 2017).
The inner yellow and outer colourless zones both have low
total N concentrations (<50 at.ppm, except for the outer zone
of OR02 at <125 at.ppm) and a relatively limited range in C
isotope composition (δ13CVPDB values, −5.7 to −10.6‰).
Garnet and clinopyroxene inclusions have an eclogitic com-
position with relatively low Ca and higher Mg contents com-
pared to previous studies of diamonds from the Orapa cluster.
Although diamond formation temperatures inferred from in-
clusion thermometry are similar to other Orapa diamonds, the
unusual yellow diamonds possibly had lower time averaged
mantle residence temperatures and form a distinct population.
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